We present a model of spontaneous (or dynamical) C and CP violation where it is possible to generate domains of matter and antimatter separated by cosmologically large distances. Such C(CP ) violation existed only in the early universe and later it disappeared with the only trace of generated baryonic and/or antibaryonic domains. So the problem of domain walls in this model does not exist. These features are achieved through a postulated form of interaction between inflaton and a new scalar field, realizing short time C(CP ) violation.
small from the cosmological point of view. Such models are still interesting, because they could provide a local excess of antimatter, which would be large compared to the capabilities of astrophysical sources, if an excess [12] turns out to be real. But cosmologically large and separated domains of antimatter cannot be created by this mechanism. Cosmology with domains of matter and antimatter was discussed in the lectures [13, 14] , where a list of relevant references can be found. As argued in Ref. [15] , domain walls could be also eliminated if the vacua in the model were not exactly degenerate. In this case the higher energy vacuum would be "swallowed" by the lower energy one if the energy difference is sufficiently high.
In the present paper we suggest another scenario of unusual symmetry behavior. Now this happens during inflationary stage in the universe evolution. Domains with different sign of CP disappear by now also, so the domain wall problem is absent. However, they appeared during inflation and survived at the baryogenesis epoch, therefore, cosmologically large domains of matter and antimatter could be created.
II. MODEL
In the suggested model the difference between matter and antimatter is generated by pseudoscalar field χ which interacts with inflaton field Φ. We assume the following Lagrangian:
where
2)
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Here the metric tensor enters into kinetic terms in the usual way, and M, m, λ χ , µ are some constant parameters, with M, m, µ having dimension of mass, λ χ being dimensionless. We do not include the quartic term −λ Φ Φ 4 /4 in the Lagrangian, though it possibly may lead to some interesting consequences. This case will be studied elsewhere. The dimensionless function V (Φ) is chosen in the way that it is non-zero only when Φ is close to some constant value Φ 0 . In this paper we choose it as Gaussian function The equations of motion have the form:
where H =ȧ/a is the Hubble parameter, a(t) is the cosmological scale factor which enters into the FLRW metric as
It is assumed here that fields Φ and χ depend only on time, Φ = Φ(t) and χ = χ(t). The Hubble parameter is expressed through the energy density ρ as
where m P l ≈ 1.2 · 10 19 GeV is the Planck mass. The interaction introduced above leads to the following scenario. During inflation the magnitude of the inflaton field Φ decreases and when it reaches vicinity of Φ 0 1 two minima appear in the potential
at constant Φ, so the point χ = 0 becomes local maximum (see Fig. 2 ). Therefore, in the spatial regions where the field χ turns out to be positive (due to fluctuations) it rolls down to the positive minimum η > 0, and in the regions where χ is negative it goes to the negative minimum −η < 0. Thus one can substitute χ = χ + η and χ = χ − η, respectively, where η and −η have the meaning of the vacuum expectation values < χ >. The fieldχ includes quantum fluctuations around new vacua but in what follows we consider only a classical part of itχ =χ(t).
Let us suppose that fermions enter into theory through the following Lagrangian:
where g is dimensionless constant. This Lagrangian respects all discrete symmetries, as the field χ is P -odd and Ceven. Substituting χ = χ ± η and carrying out the axial rotation ψ → exp(iαγ 5 ) ψ with α = 1/2 arctan(∓ηg/m ψ ) in order to eliminate the termψiγ 5 ψ, we find 12) where M ψ = m 2 ψ + g 2 η 2 . The last two terms in (2.12) behave in opposite ways under CP -conjugation, so this Lagrangian violates CP -symmetry. Moreover, the sign of the last term in (2.12) depends on the choice of the minimum (positive or negative) where the field χ has rolled down. Thus all the space turns out to be divided into domains with opposite signs of CP violation [7] . These domains are separated by domain walls which should vanish at the present epoch, because the field χ ultimately tends to the final minimum at χ = 0 independently of its initial position at χ = ± η, as we see in what follows.
We expect that the distances between domains, as well as domain sizes exponentially grow with the scale factor a(t), so at the present time these domains are of cosmological size and they are separated by large distance which prevents the annihilation at their boundaries. According to Ref. [6] , a very large piece of space between the domains, devoid of baryons, would lead to too large angular fluctuations of the CMB temperature. On the other hand, if the distance between domains is smaller than the baryon diffusion length, they would be able to meet successfully their counterparts and to annihilate. These arguments resulted in the conclusion that the nearest domains should be at the cosmologically large distance from us, about a few Gpc. On the other hand, the effects of the cosmological inhomogeneity, not yet studied, could inhibit the baryon diffusion and would relax the bound on the distance to the nearest antimatter domain. However, CP violation described by Lagrangian (2.12) is operative only when the field χ sits near the temporary minimum, ± η, i.e. when the expression χ = χ ± η is valid, where χ are small quantum fluctuations. In our model this is true only during inflation. Consequently such CP violation is not efficient for baryogenesis, because the generated at this period baryon asymmetry would be exponentially inflated away. Hence successful baryogenesis should take place after the end of inflation. Though the minima at χ = ±η disappeared after inflation, still the classical field χ(t) remained non-vanishing for a long time after inflation was over. The classical field χ slowly tends to zero and if baryogenesis could proceed fast enough, while χ = 0, the CP violation induced by non-zero χ(t) might be effective. In these circumstances more efficient CP violation would originate from the imaginary part of the quark effective mass matrix proportional to χ(t) and to this end at least 3 quark families are necessary [16] . The only difference with the standard case is that the contribution to CP -odd phase of the mass matrix is not constant anymore, but slowly changes with time. In more detail this is described below at the end of section IV. Now let us consider what happens at different stages of the scenario, so we will be able to put the limits on initial conditions and parameters of the model.
For simplicity we assume, though it is not necessary, that the impact of field χ on cosmological expansion at inflationary stage is negligible. To this end we suppose that the energy density of Φ dominates over that of χ and the energy density of their interaction. Since the field Φ is not affected by χ, the evolution of Φ is described by standard inflation theory, which is taken here as the usual slow-roll regime of inflation. In this approximation the second derivative term and the interaction term proportional to V (Φ) in the inflaton equation of motion (2.6) can be neglected. Therefore, we findΦ
We suppose that the term M 2 Φ 2 /2 makes the dominant contribution to the energy density ρ, so the Hubble parameter (2.9) is equal to H = 4π/3 (M/m P l )Φ, and the equation (2.13) can be easily integrated giving
where Φ in is an initial value of Φ. In this scenario of inflation the Hubble parameter gradually decreases, H ∼ Φ, and to obtain a sufficiently long inflation with duration 15) it is sufficient to take Φ in 3.3 m P l . In Eq. (2.15) H in = 4π/3 (M/m P l )Φ in is the initial value of the Hubble parameter and t end = 2 √ 3π Φ in /(M m P l ) is the time moment when Φ = 0, see (2.14). To be more precise, inflation ends when the Hubble parameter becomes approximately equal to the mass of the inflaton, H f in ∼ M , because at this moment the exponential expansion terminated and the inflaton field started to oscillate around zero with frequency M . Correspondingly the exponential expansion turned into the matter dominated one, a ∼ t 2/3 . So the final amplitude of Φ should be taken as Φ f in = 3/(4π) m P l . Correspondingly the final time would be slightly changed.
In order to avoid too large density perturbations one should choose the value of the inflaton mass M in the range 10
M/m P l 10 −6 ; accordingly we take M = 10 −6 m P l . To arrange the desired scenario we should set the value of Φ 0 still at inflationary stage such that the distances between different domains and the domain sizes exponentially expanded up to cosmologically large scales.
We can make a naive estimate of the necessary duration of inflation after the inflaton field reached value Φ = Φ 0 . Suppose that at the present time the size of a domain is about 10 Mpc. If the characteristic scale of the initial energy/temperature is of the order of T , then it is natural to expect the domain size to be of the order of l ∼ 1/T . Due to regular cosmological expansion it would increase to z = (1/T )(T /3K) ∼ 0.1 cm. So during inflation the domains should be expanded by a factor of (10 Mpc)/(0.1 cm) ∼ 3 · 10 26 . Therefore, we require that after Φ passes Φ 0 the inflation should last at least 60 e-foldings, N e = ln (3 · 10 26 ) ≃ 60, 17) where t 0 is the time when Φ = Φ 0 . However, since the process initiated at inflationary stage, when temperature in classical sense did not exist, the characteristic scale of the seed of the domain should be of the order of the inverse Hubble parameter, l ∼ 1/H ∼ 1/M . So the obtained above result would be shifted to N ≈ 60 + ln(M/T heat ), where T heat is the universe temperature after inflation. Since typically T heat ≈ (10 −5 ÷ 10 −6 ) m P l the estimate presented above remains practically unchanged.
Depending upon the value of Φ, there are three different regimes of the evolution of the field χ:
The mass of χ is supposed to be small in comparison with the expansion rate, m < H, so field χ sits near the minimum of its potential at χ = 0 (see left plot in Fig. 2) , with the dispersion of the order of
2. Second stage:
At this stage the squared effective mass of χ becomes negative:
The minima of the potential (2.10) move from zero as η(t) or −η(t), where
To have equal amplitudes of both positive and negative CP violation we need to impose the condition that χ reaches one or other minimum χ = ± η(t) and stays there (approximately). This minimum moves exponentially fast and χ would follow it e.g. if µ ≫ H, since Eq. (2.7) becomes thenχ − 2µ 2 χV (Φ) = 0, therefore χ(t) grows roughly as exponent, χ ∝ exp(µt). For M = 10 −6 m P l , Φ 0 = 3.1 m P l we get µ ≫ H = 4π/3 M/m P l Φ ∼ 6 · 10 −6 m P l .
But even when χ grows exponentially there still should be enough time for χ to reach the minimum η(t). If the inflaton Φ goes from Φ 0 + 2Φ 1 to Φ 0 − 2Φ 1 during the interval τ , we should require that 20) where η max ≡ 2µ 2 /λ χ and χ in is initial value of χ.
According to this scenario χ 2 ∼ η 2 max ≡ 2µ 2 /λ χ is the largest value of χ 2 . So to be sure that the inflaton field Φ always gives the main contribution to the energy density, we should impose the conditions:
For M = 10 −6 m P l , Φ 0 = 3.1 m P l we get µ ≪ 1.8 · 10 −3 m P l 4 λ χ .
After Φ passed Φ 0 , η(t) started to decrease exponentially and turned zero when Φ = Φ 0 − 2Φ 1 ln ( √ 2µ/m), so the potential (2.10) started to have only one minimum at χ = 0 again. The field χ also began to decrease rapidly until V (Φ) became small in comparison with other terms in Eq. (2.7).
Final stage: Φ < Φ 0 and (Φ
When the interaction term µ 2 χ 2 V (Φ) vanishes, the evolution of field χ would be determined by the terms with λ χ and m, see Eq. (2.7). If λ χ is not small enough and χ is still large then the term λ χ χ 3 dominates and the equation of motion turns into:
which has the solution:
where C is a constant of integration. We see that in this regime χ decreases as a power of t.
When χ becomes quite small, Eq. (2.7) turns intoχ + 3Hχ + m 2 χ = 0, so the field χ slowly oscillates and decreases due to redshift related to cosmological expansion.
An important issue for the considered model is the character of the domain wall expansion during inflation, when the field χ is situated near the wall center at χ = 0. This problem was studied in Refs. [17] [18] [19] . It was shown that for narrow wall, when its width was shorter than the inverse Hubble parameter, the wall size remained narrow as in the flat space-time. However, if the width is large, then the cosmological expansion would stretch the wall exponentially and moreover inflation would proceed inside the wall. In our case, as we will see in the next section, the domain wall does expand but with the chosen model parameters there is no big difference between the expansion of space near the wall and far from it during the period of wall existence. An essential difference between our model and those considered in the literature is that in our case the wall existed only for relatively short time.
III. NUMERICAL CALCULATIONS
In order to check that the described scenario is indeed operative we performed the numerical calculations in the homogeneous case with the following set of parameters (all dimensional values are given in the Planck mass, m P l , units): In Fig. 4 one can see how the field χ rolls down to the minimum of the potential η(t) > 0 and oscillates there. Then it goes back to the old minimum at χ = 0, but even at the end of inflation χ remains an order of magnitude larger than it was at the beginning (χ ∼ 10 M at t ≈ 25 M −1 , while χ in = 1 M ). At the moment t ≈ 35 M −1 the field χ crosses zero and starts slow oscillations with very low frequency, which could be much lower than the characteristic rate of baryogenesis. So we see that parameters (3.1) are chosen in a proper way. In this model the influence of χ on the process of inflation is insignificant, thus the domain size grows exponentially. However, as we have mentioned at the end of the previous section, it is also important to know how the regions where χ = 0 expand during inflation. The hypothetical situation is possible when the areas where field is zero expand exponentially faster than the areas where field is non-zero. For example, the model where inflation never stops near the domain walls, i.e. near . Time t is measured in units of M −1 and χ is measured in units of M . All the three plots depict the evolution of χ during different time intervals. The left plot shows how the field χ rolls down to the minimum of the potential η(t) > 0, oscillates there and then goes back to the newly formed minimum χ = 0. In the middle and right plots one can see that at the end of inflation, t ≈ 25 M −1 , the field χ remains quite large. Eventually χ crosses zero and slowly oscillates around χ = 0 (see the right plot). φ = 0, was suggested in [17] . Also the idea of never ending topological inflation where φ is forced to stay near the maximum of its potential φ = 0 was proposed in [18, 19] . However, our situation is quite different. Numerical calculation shows that if χ = 0 the Hubble parameter remains almost the same as in the case of non-zero χ, and the size of region where χ = 0 is approximately two times less than the domain size. Therefore, our model predicts the domains of cosmological size with the distances between them of the same order of magnitude.
IV. PRODUCTION OF HEAVY PARTICLES AFTER INFLATION AND BARYOGENESIS
As it is commonly known, the stage of inflation is followed by the stage of (re)heating, during which the very heavy X particles can be produced through decay of inflaton field (see e.g. book [20] ) or from vacuum fluctuations in gravitational field [21] .
Let us consider the situation when the inflaton field Φ interacts with X particles (for example, scalar bosons) through the coupling g
As is shown in Refs. [22] [23] [24] , the particle production can be strongly enhanced due to parametric resonance. For an unsuppressed production it is essential that the resonance is broad. The corresponding condition has the form:
(4.1)
Here M ≃ 10 −6 m P l is the inflaton mass, and Φ e ≃ m P l / √ 4π is the magnitude of the inflaton field at the end of inflation in our model. One can consider Φ e also as the initial amplitude of the inflaton oscillations. The condition (4.1) is true for the wide range of coupling constant, g X ≫ 4 · 10 −6 . Because of resonance (4.1), very heavy X-bosons with masses even of GUT scale m X ∼ (M m P l ) 1/2 ∼ 10 16 GeV can be produced under quite reasonable assumption g X ∼ 1 [20] . Moreover in this case of comparatively large coupling constant g X ∼ 1 the decay of the inflaton field occurs very rapidly, during only one or few oscillations.
Let us assume that the produced X-bosons in turn decay into fermions, for example, into quark-quark and antiquark-antilepton pairs, X →and X →ql, respectively. If the corresponding coupling constants are large enough, the X-bosons decay very quickly. Therefore, the field χ(t) may remain non-zero yet to the moment when X-bosons have been completely decayed, indeed χ ∼ 2 M ∼ 10
13 GeV at t = 30 M −1 (see Fig. 4 ). The field χ is real and pseudoscalar and interacts with the produced fermions as (cf. (2.11))
where k and l denote the fermion flavor (sum over repetitive indices is assumed),
From the hermicity of the interaction it follows that g kl is real for k = l, and g kl = g * lk for k = l. Since χ is supposed to be electrically neutral, it interacts with quarks with the same electric charge, so k and l either run over u, c, t or d, s, b and there are no cross terms.
The Lagrangian of free fermions can be written as follows
Therefore, the sum of L f ree and L χψψ can be presented in matrix form as
here M ψ = m ψ + igχ is a non-Hermitian matrix, whereas m ψ and g are Hermitian ones.
Using simultaneously two unitary transformations
can always diagonalize the mass matrix in (4.4) . Therefore, the interaction of fermions with pseudoscalar field χ can be "rotated away" (the elements of transformation matrices U R and U L must depend on the magnitude of χ in this case), and the Lagrangian (4.4) takes the simple form
where ψ a and ψ b are the mass eigenstates and correspondingly m ′ ψ is diagonal matrix with real diagonal elements. Quite similarly one can transform into mass term the interaction of fermions with any scalar g Skl Sψ k ψ l and pseudoscalar g P kl Pψ k iγ 5 ψ l fields . However, the interaction of fermions with vector (gauge) boson X remains the same under these transformations:
L are matrices of coupling constants in mass eigenstate basis, so ψ a describes a-th sort of fermion with definite mass. The constants g ′ ab are complex in general case, and if there are at least three species of fermions, one cannot rotate away simultaneously all phases in complex matrices g ′ R,L [16] . The complexity of the coupling constants means that CP is violated in the X-boson decays [25] . The magnitude of this CP violation depends on the value of the field χ through the matrices U R,L and coupling constants g ′ R,L . Since χ is essentially non-zero after the end of inflation and during baryogenesis, the CP -odd effects can be large enough.
We assume also that gauge interactions involve fermions with certain chirality, see (4.6), and thus these interactions break C-invariance.
C and CP violation is one of the necessary Sakharov conditions of generation of baryon asymmetry [26] . The another one is baryon number violation, so one needs to assume also that in the decays of X-bosons the baryon number is not conserved. Let δ be the baryon asymmetry generated in the decay of one X-boson. Then it can be easily demonstrated [20] that the ratio of the baryon number density to the entropy density is estimated as
where h and g X are typical coupling constants of X-boson with fermions and inflaton, respectively, m th is mass scale of the theory. It is quite reasonable to believe that h/g X ∼ 1 and m th ∼ M ∼ 10 −6 m P l , so one has ∆ B ∼ 10 −3 δ. Thus, to get observed value ∆ B ≃ 0.86 · 10 −10 it is sufficient to have only δ ∼ 10 −7 . Such small δ seems to be easily produced in the decay of X-boson. Therefore, the observed baryon asymmetry of the universe can be generated in the decays of X-bosons, without fine tuning of parameters of the theory.
We have to stress that the baryogenesis should proceed after the end of inflation (as it has been already mentioned above). Otherwise the baryon asymmetry would be strongly diluted by the universe (re)heating. When inflation was over, the field χ evolved down to χ = 0 and so χ was not equal to constant η but had considerably smaller and time dependent value. However, since at this stage χ(t) changed very slowly one can repeat the above arguments with adiabatically evolving χ(t). If baryogenesis proceeded faster than χ evolved, then the effective amplitude of CP violation might be considered as a constant and the corresponding mass matrix could be diagonalized in the same way as it has been done above. The phase of the mass matrix would be unsuppressed if gχ(t) was close to the value of the bare quark mass. Evidently in this case the imaginary part of the mass matrix would be of the same order of magnitude as the real part.
V. CONCLUSIONS
We have presented here a model of baryogenesis which may lead to baryo-symmetric universe with cosmologically large domains of matter and antimatter, avoiding the domain wall problem. The model satisfies three Sakharov criteria for successful baryogenesis: non-conservation of the baryon number, deviation from thermal equilibrium, and C and CP violation. However, the latter is different from the normally exploited one. Breaking of charge symmetry is induced by a non-zero amplitude of a scalar field χ, which slowly relaxed down to equilibrium, much slower than the process of baryogenesis goes on. In classification of different types of CP violation which might be operative in cosmology this type is called dynamical one [27] . Later, after the baryon asymmetry was developed, χ evolved down to the equilibrium point χ = 0 and thus domain walls disappeared rather early in the universe.
Inflation is an essential ingredient of the scenario. A coupling to the inflaton field was introduced on purpose to generate a non-zero value of χ and to keep it non-zero during baryogenesis.
The model allows for successful baryo-symmetric cosmology without yet being drawn into astronomical controversy.
